The Guiana dolphin (Sotalia guianensis) is a small-bodied dolphin distributed along the Atlantic coast from Honduras to southern Brazil. It preys on fish, squid and shrimps. Several seminal studies have described its diet, yet relationships between the species' feeding plasticity and climate gradients remain unknown. We compiled a large database of Guiana dolphin stomach remains from southeast coastal Brazil. We described the species' diet using a number of descriptors, multivariate analysis of variance to test possible differentiation in diet composition, and the Morisita index to estimate the extent of trophic niche overlap between groups. We also analysed feeding plasticity using a regression tree analysis followed by an ordination analysis. We present new records of prey for the species in Brazil. Our results suggest that the Guiana dolphin has opportunistic feeding habits, which may exhibit the species' feeding plasticity. Such feeding plasticity is associated with the capability to prey throughout a wide array of climate conditions. From a conservation ecology perspective, we conclude that estuaries-even ones that are over-depleted and succumbing to human impacts-are paramount environments for the Guiana dolphin, serving as important sources of prey for the species and other sympatric marine mammals.
INTRODUCTION
The Guiana dolphin (Sotalia guianensis, van Benédén, 1864) is a small-bodied Odontocetus within the Delphinidae family popularly known as boto-cinza in Brazil. It is distributed continuously along the Atlantic coast of Central and South America, from Honduras (15°58'N) to Norte Bay (27°35'), Santa Catarina State, Brazil (Da Best 1996, Simões-Lopes 1988) . It inhabits coastal and shallow waters, protected estuaries and bays. The species typically occurs associated with runoffs and may occasionally be found upstream to the limit of tidally influenced waters (Da Silva and Best 1996) .
Over the last few decades, several studies have given insights into the feeding ecology of the Guiana dolphin along the Brazilian coast (Pansard et al. 2011 , Cremer et al. 2012 ). However, further studies may provide valuable information about the Guiana dolphin's feeding habits. The identification of potential prey species consumed by the Guiana dolphin can help to unveil predator-prey relationships, which in turn can enhance our understanding of the ecological role of dolphins in marine ecosystems (Pauly et al. 1998) , taking into consideration likely intra-and interspecific trophic overlap and population dynamics (including top-down effects).
Although the Guiana dolphin feeds primarily on fish, it also occasionally consumes cephalopods and shrimps (Flores and Da Silva 2009 ). Sciaenid fish species appear to be the most common fish prey consumed by this dolphin species along the Brazilian coast . Recent studies have also described the feeding ecology of the Guiana dolphin from the Abrolhos Bank (Rodrigues 2014) . Moreover, there is evidence supporting the opportunistic feeding behaviour of the Guiana dolphin in Neotropical marine waters (Di Beneditto and Siciliano 2007 , Daura-Jorge et al. 2011 ). However, the likely underlying relations between the dolphins' diet and changes in climate variables remain poorly understood.
Here, we compiled a fairly large database regarding the Guiana dolphin's stomach content samples surveyed off the southeast coast of Brazil, an area that shows heterogeneous environmental and climate characteristics, allowing us to explore the influence of climate conditions on Guiana dolphin diet variation. Our database may be one of the largest samples of Guiana dolphin stomach content ever analysed in Brazil. In order to describe the feeding ecology of this species, we analysed diet composition by examining stomach content with the aim of (i) evaluating the rank of each prey species consumed by the dolphin; and (ii) exploring the dolphin's feeding ecology along the Brazilian coast according to spatiotemporal changes of climate features. We hypothesize that the Guiana dolphin is able to prey over a large array of species, may show dietary plasticity over space and time and may show opportunistic feeding habits. However, climate conditions may influence the dolphin's feeding ecology because certain conditions may affect prey occurrence.
MATERIALS AND METHODS

Study area and sampling
We obtained 54 stomach samples of Guiana dolphins collected from stranded carcasses found along the southeastern coast of Brazil. The Guiana dolphin carcasses were found from Belmonte county (15°52'S-38°51'W, Fig. 1 ) to Marataizes county (21°04'S-40°50'W, Fig.  1 ). Our study area includes part of the Abrolhos Bank (16°40'-19°30'S; 37°25'-39°45'W), an extension of the Brazilian continental shelf ranging from southern Bahia State to the Rio Doce estuary (Muehe 2001) . The Abrolhos Bank is a heterogeneous environment, holding several different types of habitat, including calcareous algae banks, soft bottoms, sandstone and coral reefs (Muehe 2001) . The Abrolhos Bank features high biodiversity and has been classified as a marine hotspot (Dutra 2006) . Oceanographically, oligotrophic waters of the Brazilian Current are predominantly found in our study area, though seasonal upwelling waters may occasionally come up off the southern Espírito Santo State coast (Schmid et al. 1995) .
To collect the carcasses used for this study, we followed the recommendations of experts for stranding of marine mammals in Brazil from the Rede de encalhes de mamíferos marinhos do Brasil (REMAB). Two nongovernmental organizations, the Instituto Baleia Jubarte (IBJ) and the Instituto ORCA, were responsible for managing the Guiana dolphin carcasses. Diet composition was studied by examining stomach remains. Stomachs were dissected and hard structures were retrieved using tap water and a kit of graded-diameter net-size sieves. We considered both the maximum right or left otolith counted and the size of otoliths found in stomach contents to estimate the relative abundance of fish prey species. Cephalopod abundance was estimated using the maximum number of either upper or lower beaks found. All prey items found in Guiana dolphin stomachs were sorted, tagged and identified to the lowest possible taxonomic level. We identified fish preys using the sagittal otoliths based on available catalogues and guides (e.g. Corrêa and Vianna 1992 , Baremore and Bethea 2010 , Rossi-Wongtschowski et al. 2014 . All alimentary items found in Guiana dolphin stomachs were archived in the Zoological Collection at the Federal University of Espírito Santo (CEUNES-UFES). Moreover, we classified the Guiana dolphin specimens by sex and age class (ontogenetic class). For ontogenetic classes, we adopted the criterion of body length, whereby males larger than 173 cm and females larger than 167 cm were classified as adults (Weber Rosas and Monteiro-Filho 2002) .
Data analysis
To describe Guiana dolphins' diet, we used the frequency of occurrence of each type of prey within the overall spectrum of prey (% O). Among all dietary descriptors, we paid special attention to the frequency of occurrence, which expresses how often a certain type of prey was consumed by the predator (Cailliet 1977) , enabling us to weight all specific predator-prey relationships from a bipartite perspective to the broadest extent. The frequency of occurrence is defined as the proportion of stomachs containing a specific prey item, expressed as a percentage. Additionally, we obtained the numerical abundance of prey species (% N, also referred to as absolute abundance) and the relative abundance of prey species (% P). These two measures are defined as (i) the proportion of all prey items for a prey taxon to the total count of prey individuals found in all predators; and (ii) the proportion of the total count for a specific prey to the total count of prey items found in all stomachs in which the type of prey occurs, respectively (Cortés 1997) . We used the Costello (1990) graphical representation as a complementary method for showing the importance of the prey species composing the Guiana dolphin's diet.
We used two complementary approaches to compare the diet between males and females and between adults and juveniles. First, we tested likely differentiation through a multivariate analysis of variance (PERMANOVA) using the vegan package (Oksanen et al. 2013 ) with 999 permutations. Second, we used the Morisita index to estimate the trophic niche overlap between classes via the spaa package (Zhang 2016) . These analyses were performed in R (R Team 2017).
Moreover, we performed a multivariate regression tree to determine whether a set of candidate variables was able to explain differences in dietary composition among Guiana dolphin individuals (De'ath 2002) . Regression trees aim to select variables amenable to grouping sampling units in a way in which groups are homogeneous and the differences between groups are maximized (Breiman et al. 1984) . We included as predictors of prey variation among Guiana dolphin individuals the precipitation accumulated in the last month (P1M), the precipitation accumulated in the last three months (P3M), atmospheric temperature (T) and sea surface temperature (SST). Temperature and rainfall variables were obtained from the available online database (INMET 2017), while SST values were obtained from the Ocean Motion (NASA 2017) online database. These climate data were chosen because there are exhibits showing that these variables could have crucial significance in defining the distribution of dolphins (Selzer and Payne 1988) . We set the maximal tree size interactively by cross-validating the results, then using a minimal number of splits >3. To perform the regression tree analysis, we considered 42 sampling units, since SST data from 2015 were not available. We showed the resulting classification with a principal component analysis (PCA) (correlation) on Guiana dolphin individuals according to preference of prey species (De'ath 2002 , Borcard et al 2011 , De'ath 2014 . The asymmetry of prey data was corrected using the Hellinger transformation (Legendre and Legendre 1998) . We performed multivariate regression tree analyses in R (R Team 2017) using the vegan (Oksanen et al. 2013) and mvpart (De'ath 2014) packages.
RESULTS
We collected 54 individuals stranded on shore in the study area from June 2007 to April 2015 ( Fig.  1 ). Guiana dolphin sampling included 26 adults, 17 juveniles and 11 undetermined age class specimens. Moreover, among them we found 24 males, 13 females and 17 individuals of undetermined sex. Prey items found in their stomachs included fish, crustaceans, cephalopods and other molluscs (Table 1 ). However, otoliths features were occasionally eroded by the effect of stomach acids, and identification to species was not always possible. Overall, we counted 1447 prey items in stomach remains.
Our descriptive analysis of Guiana dolphin stomachs showed that bony fish occurred in all samples examined containing food remains (100% O, Table 1 ) and covered 91.43% of all prey identified. Crustaceans occurred in only one sample (1.85% O, Table 1 ). We found cephalopods in 20 stomachs (37% O, Table 1 ). Sciaenid fish species were the most common (50% O) and most abundant (47% N) type of prey consumed by the Guiana dolphin (Table 1) . Twelve sciaenid species were identified in the stomachs, with Isopisthus parvipinnis most frequently found (33% O, Table 1 ). However, drums (Stellifer genus) were the most abundant prey items found (22.5% N, Table 1 ). The graphical representation shows sciaenids to be the predominant type of prey consumed by the dolphins (Fig. 2) . Moreo- Table 2 .
ver, this representation shows the importance of pelagic preys too, such as those species in the Clupeiformes order and Trichiurus lepturus. Haemulids (reef fish) have also been common prey consumed by Guiana dolphins (Fig. 2, Table 1 ). Additionally, Elops saurus occurred in two samples, an adult male and an adult female, collected from two nearby sites in April and August 2012, respectively. Both Hemirhamphus brasiliensis and Hyporhamphus unifasciatus were singletons occurring in the same sample. The sample corresponded to an adult individual, whose sex could not be determined, and it was collected in April 2015 on a Prado County beach, southern Bahia State. We detected no differentiation in dietary patterns or diet composition between classes between either males and females or adults and juveniles. Our analysis showed no significant difference in diet composition between males and females [Fmodel=1.03; p>0.05].
However, the Morisita trophic niche overlap index showed a rather high estimate [Observed=0.89; Bootstrap mean=0.88; Boot std=0.04; Boot CI1=0.80; Boot CI2=0.95, times=999]. We also found no significant differences in diet composition between adults and juveniles [Fmodel=0.99; p>0.05]. For this comparison, the Morisita trophic niche overlap measure also showed a rather high estimate [Observed=0.86; Bootstrap mean=0.85; Boot std=0.03; Boot CI1=0.78; Boot CT2=0.91; times=999].
The regression tree analysis explained 17.13% of total variation among Guiana dolphin diet in relation to environmental predictors [Error=0.822; CV error=1.26, SE=0.06]. The leaf n°1 (red) explained 3.51% of the data variance and was linked to SST lower than 24.3°C. In these conditions, the main prey was Trichiurus lepturus (Fig. 3A , Table 2 ). The lower leaf (n° 2, pink) explained another 3.89% of the overall var- iation of dolphin diet. With conditions of SST higher than 24.3°C and T higher than 26.72°C, the main prey eaten by Guiana dolphins were cephalopods (Fig. 3A , Table 2 ). The following leaf (n° 3, green) explained 2.32% of the variation, linked to a temperature ranging from 25.2°C to 26.72°C. In these conditions, the main prey was Bagre bagre. The remaining leafs (n° 4 (light blue) and n°5 (dark blue)) explained together 7.43% of data variation. In leaf n° 4, the main prey consumed was I. parvipinnis and in n° 5 it was Engraulids (Fig.  3A , Table 2 ). The ordination (PCA) subsequent to the regression tree explained 74.93% of data variation and showed the grouping around the main prey of Guiana dolphins according to spatiotemporal climate conditions (Fig. 3B ).
DISCUSSION
Understanding species food habits is a paramount issue in ecology (Miller and Payne 1964 , Pianka 1974 , Pianka and Jorgensen 2008 . Our main findings showed a large plasticity in the Guiana dolphin diet, with variations associated with climate features. Our results are also in agreement with previous studies on Guiana dolphin diet in Brazil ) and showed that the dolphins could prey on different functional prey species through the water column (Borobia and Barros 1989) . Demersal, pelagic, neritic fishes (such as those in the Pleuronectiformes order) and cephalopods were common prey found in Guiana dolphin stomachs from the southeast coast of Brazil. Our findings agree with those of previous studies and show sciaenid fish species as the most common prey consumed by the Guiana dolphin ). However, pelagic species have also been reported as the most important fish consumed by the southern Guiana dolphin populations in Brazilian waters (Simões- Lopes 1988 , Daura-Jorge et al. 2011 , Cremer et al. 2012 .
Moreover, the diet of this small-bodied cetacean seems to vary geographically and must be closely linked to the abundance and availability of prey in shallow waters. This pattern has been described in studies about small-bodied delphinids (Selzer and Payne 1988, Barros et al. 1990 ). The diet of the Guiana dolphin described in our study was very similar to that found by Rodrigues (2014) , which showed sciaenid fish and coastal squids as extremely important prey for the Guiana dolphin on the central coast of Brazil. Along the northeastern coast of Brazil, haemulid fish were predominant prey for the Guiana dolphin (Pansard et al. 2011) , while on the Rio de Janeiro coast Atlantic Midshipman fish was an important prey for this dolphin (Di Beneditto and Ramos 2004) . Given that the species is a homeothermic top predator, the Guiana dolphin is likely a key species in those ecosystems in which the species occurs (Bowen 1997) . Thus, this regional knowledge about diet and feeding ecology of Guiana dolphins is a valuable tool for the purpose of conservation biology.
We found noteworthy that the sciaenid I. parvipinnis was the most frequent fish predated by the Guiana dolphin in the study area. Isopisthus parvipinnis, known locally as pescadinha, is an economically key resource (Froese and Pauly 2017) and a major harvest for many fishing communities along the central coast of Brazil (Menezes and Figueiredo 1980) . Moreover, this fish species is the most frequent prey consumed by Pontoporia blainvillei (Gervais and D'orbigny, 1844), which is a sympatric dolphin (Rupil 2016 ). These aforementioned issues (i.e. overfishing and interspecific trophic overlap with other sympatric marine mammals) suggest that the Guiana dolphins could be vulnerable, given that I. parvipinnis is likely to decline dramatically by over-exploitation as a result of trophic overlap along fisheries, the Guiana dolphins and other sympatric marine mammals (Rupil 2016) . We encourage further studies to consider fish prey size in order to obtain better estimates of trophic overlap between coexisting top predators (Bittar and DiBeneditto 2009) .
Regarding sex and age class comparisons, the multivariate and univariate approaches used to compare diet between classes of dolphins were consistent. We have no evidence on any possible trophic differentiation. However, we suggest that further studies should consider stable isotope techniques to unveil otherwise concealed differentiation patterns in diet composition (Di Beneditto and Monteiro 2016) .
Our findings suggest that the diet composition of dolphins may show non-random geographical variation. The particular case of the two occurrences of E. saurus and the case of those hemiramphid singletons also provide support to our statement. Furthermore, Elops saurus is a pelagic fish species that feeds primarily on crustaceans and small fish (Barletta and Corrêa 1992) , while both H. brasiliensis and H. unifasciatus are reef-associated omnivorous fish species that feed on algae and other small animals (Froese and Pauly 2017). Thus, our study provides evidence on the functional plasticity of the Guiana dolphin in the ecosystems that the species inhabits, suggesting a resource sharing among populations. It seems that the ecological role of the Guiana dolphin occupies a large functional spectrum throughout the species' distribution. Our results also provide new records of prey species consumed by the Guiana dolphin in Brazil: Acanthurus chirurgus, Pagrus pagrus and Selar crumenophthalmus. Finally, our findings demonstrate the significance of dietary studies of marine mammals for unveiling potential predator-prey relationships.
Changes in environmental conditions can influence the distribution of some prey species (Rodríguez Roda 1955) , leading to a directional change in the availability of food items for top predators in marine ecosystems (Montevecchi and Myers 1997) . Accordingly, our results showed that some environmental conditions could lead to non-random shifts in Guiana dolphin diet. SST is the strongest predictor, followed by temperature and monthly cumulative rainfall. These conditions influenced which specific prey the Guiana dolphin was consuming across our study area. Among the main Guiana dolphin prey, we observed a possible turnover among Trichiurus lepturus, squids, Bagre bagre, I. parvipinnis and engraulids, depending on environmental conditions. For instance, T. lepturus appeared to be more abundant at the lowest SST, in agreement with previous studies indicating that the optimal water temperature for these fish is from 20°C to 24°C (Kao et al. 2015) . In terms of the number of samples defining the groups and the amount of variation explained by groups, we can observe in the regression tree analysis and in the ordination analysis that leaf n° 4 and leaf n° 5 were the dominant groups of Guiana dolphin prey.
The main prey species that made up leaf n° 4 and leaf n° 5 in the regression tree were sciaenids and engraulids, which are the most frequent prey species found in Guiana dolphin stomach remains. The environmental conditions that weighted most for grouping the aforementioned groups (leaf on regression tree) were high SST, intermediate atmospheric temperature and high monthly rainfall. These climatic conditions typically feature some environments used by several fish prey species as nursery areas (Ansari et al. 1995 , Barletta-Bergan et al. 2002 . Rainfall plays an important role in the availability of food resources for dolphins because it relates to salinity in estuarine environments, which in turn influences the structure of fish assemblages (Selzer and Payne 1988, Barletta et al. 2005) . Our results also support previous evidence on the major effect of SST on the distribution of fish species across the southwestern Atlantic (Floeter et al. 2005) .
The regression tree supports-at least partiallythe plasticity of the Guiana dolphin diet along the Brazilian coast in relation to climatic conditions. It is difficult to unravel the role of prey availability and intra-and interspecific competition as a causal driver of dietary behaviour or as a coexisting complement mediated by climate. Both climate and physicochemical conditions govern the productivity of ecosystems in both terrestrial and marine ecosystems (Nemani et al. 2003 , Pan et al. 2016 . We recognize that a single model considering the climate variability represents only a portion of the aquatic ecosystem complexity.Moreover, the coastal marine ecosystem receives several impacts from adjacent terrestrial areas, from climate to anthropogenic eutrophication, making the dynamics and diversity patterns of biotic communities change spatiotemporally (Morales-Ojeda et al. 2010). Consequently, even dietary variations at the individual level can be expected under these conditions. However, this variation in diet composition of predators has been taken into consideration in previous studies. For example, Olson and Waters (2003) assumed changes in diet as a function of climate variability to construct a pelagic Eastern Pacific Ocean ecosystem model.
We recognize that some methodological shortcomings related to the stomach content examination method may introduce a bias in the estimation of relative importance for some prey species. The importance of species featuring relatively large and robust otoliths in the stomach remains could be overestimated due to the erosive effects of stomach acids Vianna 1992, Sekiguchi and Best 1997) . The occurrence and abundance of cephalopods in the diet of dolphins could be overestimated since cephalopod beaks tend to accumulate in the dolphin stomachs, given differentials in digestion rates between prey (Sekiguchi and Best 1997) . In this instance, we did not include squid in our graphical representation.
Furthermore, we recognize that non-climate datasets, such as characteristics of the seafloor and depth, influence the availability of food resources and per se define the Guiana dolphin distribution. However, our study rather supports previous evidence on the possible relation of climate data to the distribution of Guiana dolphins. We consider that adding non-climate data would enhance our understanding of the actual relations between environmental traits and the Guiana dolphin diet. We can conclude that the seminal characteristic feeding plasticity of the Guiana dolphin may be related to likely changes in climate conditions, given the capability of the Guiana dolphins to feed on a large spectrum of prey. Our primary finding showed that conditions typically found in estuaries correlate most with some of the most frequent prey species consumed by the dolphin. From a conservation ecology perspective, we conclude that estuaries-even ones that are overdepleted and succumbing to human impacts-might be paramount environments for the Guiana dolphin, serving as an important source of prey for this species and other sympatric marine mammals. Unfortunately, several strong, seminal pieces of evidence suggest that the human impact on marine ecosystems leads to a modern collapse of marine biota (Jackson et al. 2001) . Thus, our findings may have implications for climate change and the conservation of marine mammals. We believe that our study will serve as the basis for new studies on the feeding ecology of the Guiana Dolphin and other marine and terrestrial predators in Brazil and elsewhere.
